Patients with prior invasive fungal infection (IFI) increasingly proceed to allogeneic hematopoietic cell transplantation (HSCT). However, little is known about the impact of prior IFI on survival. Patients with pre-transplant IFI (cases; n = 825) were compared with controls (n = 10247). A subset analysis assessed outcomes in leukemia patients pre-and post 2001. Cases were older with lower performance status (KPS), more advanced disease, higher likelihood of AML and having received cord blood, reduced intensity conditioning, mold-active fungal prophylaxis and more recently transplanted. Aspergillus spp. and Candida spp. were the most commonly identified pathogens. 68% of patients had primarily pulmonary involvement. Univariate and multivariable analysis demonstrated inferior PFS and overall survival (OS) for cases. At 2 years, cases had higher mortality and shorter PFS with significant increases in non-relapse mortality (NRM) but no difference in relapse. One year probability of post-HSCT IFI was 24% (cases) and 17% (control, P o 0.001). The predominant cause of death was underlying malignancy; infectious death was higher in cases (13% vs 9%). In the subset analysis, patients transplanted before 2001 had increased NRM with inferior OS and PFS compared with later cases. Pre-transplant IFI is associated with lower PFS and OS after allogeneic HSCT but significant survivorship was observed. Consequently, pre-transplant IFI should not be a contraindication to allogeneic HSCT in otherwise suitable candidates. Documented pre-transplant IFI is associated with lower PFS and OS after allogeneic HSCT. However, mortality post transplant is more influenced by advanced disease status than previous IFI. Pre-transplant IFI does not appear to be a contraindication to allogeneic HSCT.
INTRODUCTION
Invasive fungal infections (IFI) historically portend a poor prognosis in patients undergoing allogeneic hematopoietic stem cell transplantation (HSCT). An observational study of the Transplant Associated Infection Surveillance Network (TRANSNET) suggests that post-HSCT IFI remains problematic, with cumulative incidence rates varying between 5.8 and 7.7% in the allogeneic transplant setting. 1 Historically, prior mold infection was considered a relative contraindication to transplantation. Although the risk of reactivation of fungal infection in the setting of HSCT is high, HSCT may be the only remaining treatment option in the face of an otherwise fatal hematologic malignancy. With the advent of novel broader spectrum antifungal agents, prophylaxis and treatment of fungal infections have significantly improved. Likewise, use of granulocyte colony-stimulating factor has decreased the length of neutropenia, a major risk factor for IFI. [2] [3] [4] [5] [6] [7] In addition, reduced intensity conditioning (RIC) transplantation may help to minimize opportunistic infections and to maximize graft-versus-tumor effects. 8, 9 These advances in HSCT and its associated supportive care have allowed patients to successfully receive a HSCT despite having previously documented fungal infection 8, [10] [11] [12] To date, there are limited data from large multicenter cohorts comparing outcomes in patients who have undergone allogeneic HSCT with known prior yeast or mold infection to a matched cohort without previous IFI. Fukuda et al. reported the outcomes of 45 patients with pre-transplant invasive aspergillosis (IA) treated in the pre-mold-active azole era and demonstrated that posttransplant recurrent IA was seen in 29% and that the cases had lower overall survival (OS) than controls. Notably, those patients with 41 month of antifungal therapy, received RIC or those that had resolution of radiographic disease findings had better outcomes. 11 Martino et al. 12 reported a retrospective survey of 129 patients with a history of proven or probable IA of whom 44% had undergone RIC. They observed a 22% post-transplant progression rate for IA at 2 years, which occurred more frequently in those patients undergoing conventional myeloablative HSCT, for patients with grade II-IV acute GvHD, for patients receiving bone marrow or cord blood allografts and for patients with CMV disease. Most recently, a report from the EBMT analyzed the long-term outcomes of pre-existing IA on transplant outcomes of patients with acute leukemia only. 13 Data were available from 1152 patients with a median follow-up of 52 months. There was no significant impact of the pre-existing IA on OS, relapse-free survival, non-relapse mortality (NRM), acute or chronic GvHD, although there was a trend toward lower OS and higher NRM. 13 Herein, we explore the Center for International Blood and Marrow Transplant Research (CIBMTR) database on the influence of participating center documented pre-existing IFI on clinical outcomes after HSCT and the risk factors associated with fungal disease progression post transplant. We also examine the impact of changes in supportive care over the past decade versus earlier time periods to determine whether the evolution of conditioning regimen and advances in supportive care translate into improved clinical outcomes in patients with pre-existing IFI undergoing HSCT. 
MATERIALS AND METHODS

Subject eligibility
The primary analysis includes all adult and pediatric patients receiving a first allogeneic HSCT for AML, ALL, CML or myelodysplasia between 2001 and 2009. Patients with severe aplastic anemia or lymphoma were excluded, recognizing the difference in natural history. The secondary analysis includes only patients with AML or ALL receiving a first allogeneic transplant following myeloablative conditioning between 1995 and 2009, comparing outcomes pre-and post 2001 owing to improvements in supportive care and as a surrogate for emergence of novel antifungal agents with recognition that FDA approval for caspofungin and voriconazole was 2001 and 2002, respectively.
Cases. patients reported to the CIBMTR as having a documented or suspected IFI in the 12 months prior to allogeneic transplantation were considered as cases. [14] [15] [16] This information is reported as an event but diagnostic criteria used to determine IFI are not captured. Data on the organism, if available, and the site of infection are reported by the transplant center. Patients for whom CIBMTR forms indicated the site of infection was oral cavity or genitalia only were excluded from analysis, recognizing that these situations likely represented mucosal disease or colonization rather than true infection. Patients with an IFI reported 412 months prior to transplant were excluded.
Controls. all patients reported as 'No' IFI in the 12 months prior to transplant and who were transplanted at the same centers were considered as contemporary controls. Any patients without any response (missing data) to the question of pre-transplant IFI were excluded. This approach was instituted to provide balance regarding selection criteria for HSCT as well as minimize ascertainment bias of documented/suspected IFI rather than draw controls from centers that may have different selection criteria and thus present an unintended bias toward better risk patients.
End points
NRM was the primary outcome. Secondary outcomes included relapse, PFS, OS, acute GvHD and chronic GvHD. Each outcome was analyzed in both the primary and secondary analysis. NRM was defined as death within the first 28 days of transplant for any cause or death without relapse or progression of the primary malignancy. NRM was assessed at Day 100, 1 year and 2 years after HSCT. Relapse was defined as the recurrence of malignancy from a remission state. OS was determined from the date of HSCT to the time of death or last follow-up. Death was considered a competing risk for assessment of cumulative incidence of relapse, acute and chronic GvHD. For PFS, patients were considered treatment failures at the time of relapse of underlying malignancy or death from any cause.
Statistical analysis
Patient-, disease-and transplant-related factors were compared between groups using the χ 2 -test for categorical variables and the Wilcoxon test for continuous variables. The probabilities of PFS and OS were calculated using the Kaplan-Meier estimator. Probability estimates for other end points were generated using cumulative incidence functions to account for competing risks.
Multivariable analyses for outcomes at 2 years were performed using pseudo-value approach to adjust for other potentially significant covariates and determine whether there is an interaction with the main effect variable of the presence or absence of a pre-transplant IFI. 17, 18 Other risk factors include age, CMV serostatus, disease, disease stage, conditioning intensity, graft type, degree of HLA match, GvHD prophylaxis, peritransplant T-cell depletion and post-transplant use of growth factor. Interaction between the main effect and significant covariates were tested and reported to assess for differences between cases and controls. Multivariable models were built using a backward variable selection method. All P-values are two-sided, the level of significance (alpha) of 0.05 was used throughout. All analyses were carried out using SAS Version 9.3 statistical software (SAS Institute, Cary, NC, USA).
RESULTS
Patient characteristics
Patient, disease and transplant characteristics are presented in Table 1 for the primary analysis of the 825 patients with reported prior IFI transplanted between 2001 and 2009 and the 10 247 controls transplanted at the same center without reported prior IFI. The fungal pathogens that were identified as IFI included 199 Candida spp. infections, 281 Aspergillus spp. infections and 50 'other' fungal infections, including Mucormycosis, Fusarium and Cryptococcus. Infections reported as 'suspected' were identified in 295 patients and are included. Five hundred and fifty-seven (68%) patients had pulmonary infections, whereas 261 (32%) had only extrapulmonary involvement. The median time from infection to Prior IFI does not preclude HSCT transplant was 3 months (range o 1-12 months); thus, 450% of the patients experienced their IFI 4100 days prior to HSCT. For both cases and controls, the time from diagnosis of hematologic malignancy to transplant were 7 ( o1-310) and 8 (o 1-607) months (P = 0.277), respectively. Details of the status of the IFI at time of transplant were not available in the CIBMTR database. As expected, significant differences between the cases and the controls existed. Cases were older, more likely to have compromised performance status and more advanced acute leukemia, and to have received mold-active secondary fungal prophylaxis. Cases were more likely to receive cord blood as a stem cell source, to receive reduced intensity/non-myeloablative conditioning regimens and transplants in more recent years and to receive non-methotrexate-containing GvHD prophylaxis regimens. 19 No significant differences were found in donor/ recipient CMV status, gender, use of growth factor support and use of steroid-containing GvHD prophylaxis between the case and control cohorts.
Survival, NRM and relapse outcomes Univariate probabilities of outcomes of interest after HSCT between subjects with pre-existing IFI and those without IFI are summarized in Table 2 . In nearly all outcomes measured, statistical differences between the cases and the controls at 1, 3 and 5 years after HSCT were noted. There were no differences in univariate transplant outcomes for OS, TRM, DFS, RR, aGvHD or cGvHD (data not shown) when comparing Aspergillus spp. cases, Candida spp. cases, other fungal cases and Suspected IFI so all pre-transplant IFIs were combined for the univariate analysis. OS was 30% (95% confidence interval (CI): 26-34%) at 5 years in patients with pre-transplant IFI versus 45% (95% CI: 44-46%) in the control population (P o 0.0001) (Figure 1 ). The lower OS was a composite reflection of higher relapse rates and higher NRM in the cases. Interestingly, acute GvHD by 100 days and chronic GvHD at 1, 3 and 5 years were statistically less frequent in the patients with reported pre-existing IFI (aGvHD: cases 34%, controls 39%, Table 2 ). In addition, reported post-transplant IFI occurred more commonly in the cases versus controls at 3 months, 6 months and 1 year after HSCT. Only 144 (17%) patients with pre-HSCT IFI were subsequently reported as developing a post-transplant IFI; of these, 46 (32%) experienced relapse with the previously identified fungal pathogen, whereas 97 (67%) patients had fungal pathogens different from the original pathogen reported. One patient had an unidentified fungus reported.
As shown in Table 3 , on multivariable analysis, cases with pre-transplant IFI had higher overall mortality (relative risk (RR) 1.33, 95% CI (1.19-1.48), Po 0.0001) and shorter PFS at 2 years (RR of relapse or death 1.24, 95%CI (1.11-1.38), P o 0.0001) with significant increases in NRM (RR 1.27 (1.09-1.49), P = 0.002) compared with the control cohort ( Figure 2) . Relapse rates were not significantly increased (RR = 1.04, 95%CI (0.91-1.18), P = 0.58). The risk of being diagnosed with aGvHD by day 100 was similar between the cases and controls (RR 0.9, 95%CI (0.80-1.02), P = 0.09) with lower risk of cGvHD (RR 0.81, 95%CI (0.71-0.93), 13-1.79) ). For the cases, there was no impact on OS, PFS, NRM and GvHD based on the type of pre-transplant IFI, whether yeast or mold (data not shown).
Cause of death
There were no differences between cause of death between patients with pre-transplant IFI's and controls (see Table 4 ). Recurrent disease was the most likely cause of death in both cohorts. Organ failure, GvHD and infections comprised the majority of other etiologies, with rare events including graft failure, secondary malignancy, bleeding and idiopathic pneumonitis syndrome.
Secondary analysis
A secondary analysis was performed to determine the influence of era of diagnosis of IFI, acknowledging the impact of advances in antifungal therapy and supportive care in more recent years. This analysis was restricted to patients receiving myeloablative allogeneic transplantation for acute myeloid or lymphoid leukemia, and reflected the interval between 1995 and 2009 (Supplementary Table 1 ).
For subjects with pre-transplant IFI, the median age was lower in the earlier compared with the later time period, but again patients were more likely to have advanced disease and myeloid leukemia. Amphotericin products were most commonly used as the antifungal prophylaxis agent of choice, either solely or in conjunction with other agents, in the earlier years. No differences were seen in GvHD prophylaxis regimens containing steroids, ATG or alemtuzumab.
Like observations made from the primary analysis, within the secondary analysis, univariate and adjusted probabilities for overall mortality, NRM and IFI developing within one year post transplant were higher for patients with pre-transplant IFI versus the control cohort. PFS was also worse among patients with diagnosed pre-HSCT IFI. Interestingly, when outcomes of study subjects with pre-transplant IFI within the time frame 1995-2000 were compared with a more recent patient population who underwent myeloablative conditioning for AML and ALL performed between 2001 and 2009, improved OS ( Figure 3) was noted in the modern era, which appear attributable to decreases in NRM (Figure 4) .
DISCUSSION
This retrospective CIBMTR analysis is performed on a large cohort of transplant patients reported to have documented or suspected pre-transplant IFI. The vast majority of these IFI were a consequence of infections with Candida spp. and Aspergillus spp., although other fungal infections were represented, including Fusarium and Mucormycosis. A similar analysis has recently been reported by the EBMT of a cohort of HSCT patients with acute leukemia, transplanted between 2005 and 2010, specifically with pre-existing invasive IA infections. Their analysis identified that excellent outcomes can be achieved despite the pre-existing IA. Our data substantiate these observations. 13 Historically, before the emergence of mold-active echinocandins and azoles, many centers would not consider HSCT in patients with pre-existing IFI, particularly for those patients with antecedent mold infections. This current study demonstrates that positive outcomes can be obtained in these patients and that suspected or documented pre-transplant IFI by themselves, whether they are IA, candida or other identified mycoses, should not preclude patients from pursuing potentially curative transplant procedures for underlying malignant disease. Lower PFS and OS are seen in these patients; however, this augmented mortality was not owing to the identified higher rates of recurrent fungal infection, but rather, influenced by disease status. This finding is not unexpected, as patients with fungal infections would be predicted to be more likely be transplanted later, to assure ample time for antifungal therapy to achieve response to treatment prior to transplantation (often defined by radiographic remissions 11 ), to receive RIC or to be electively transplanted only if disease is recurrent. The data reported within this analysis would suggest that delaying HSCT for patients with effectively treated pre-HSCT IFI may not be necessary and could actually contribute to worse outcomes owing to disease recurrence.
The study also demonstrated that progress has been made in treating IFI with improved outcomes in the more modern era. 20 Our secondary analysis could not demonstrate any major change in any outcome in the amphotericin era between patients with pre-transplant IFI's and those without when compared with the more recent expanded-spectrum azole/echinocandin era. This secondary analysis was performed as a surrogate for changes in antifungal prophylaxis, as the data reported to the CIBMTR for antifungal prophylaxis collects antifungal drug received but not dose, sequence of agents or length of schedule. Notwithstanding these limitations, as a whole, patients transplanted in more recent years were more likely to survive the HSCT experience. 21, 22 A higher risk of death for patients with pre-transplant IFI was noted in all years, but this has recently diminished due to a more global reduction in NRM. Interestingly, in the primary analysis we found that 83% (n = 681) of the subjects with documented or suspected pre-transplant IFI were not reported to develop post-transplant IFI's. One hundred forty-three (17%) patients were diagnosed with post-transplant IFI, similar to other reported fungal infection incidence for patients without prior history. 1 Interestingly, only one-third of those patients who developed a post-transplant IFI actually reactivated their prior IFI, a lower incidence than reported previously 11 and actually could suggest that these individuals are possibly predisposed to developing IFI. 23 We do not have information about how many and which patients with pre-transplant IFI from the selected centers did not proceed to transplant. When one reviews the patient, disease and transplant variables, there are clues that indicate that these patients were indeed a selected population. They were more likely to have been treated with more aggressive antifungal prophylaxis and more likely to have been treated with reduced intensity/ non-myeloablative transplant procedures. Interestingly, in the more recent patient population, there were less-extrapulmonary fungal infections reported prior to transplant, possibly suggesting that new diagnostic approaches and improvements of radiologic detection may have contributed to better pre-transplant fungal detection followed by early therapy. 24 Unfortunately, we do not have documentation of the extent of the pre-transplant infection or the degree of infection control of the reported pre-transplant IFI. The patients who proceeded to transplant were more likely to have more advanced disease and lower performance status, but these observations might suggest that they were more deeply treated with chemotherapy before taking them to transplant. In addition, it is curious to see that after transplant, there were lower rates of GvHD reported in the cases. There was a higher likelihood of utilizing RIT in the cases. One could also hypothesize that awareness of the pre-existing IFI influenced the treatment team to less aggressively taper calcineurin inhibitor immune suppression to avoid GvHD and subsequent use of high dose corticosteroid exposure, an approach that may not have been taken otherwise in patients with advanced disease. Alternatively, more frequent use of voriconazole in the cases may have led to higher levels of calcineurin inhibitors owing to drug-drug interactions, which may explain the lower rates of GvHD. Another possibility relates to recent observations that treatment of resistant candida has been augmented by adjunct therapy with calcineurin inhibitors. 25, 26 These hypotheses cannot be tested, as information regarding the decision-making of the transplant teams on management in these cases is not available, as is often the case in retrospective registry studies.
There are limitations to this study. Collected CIBMTR data do not provide pre-or post-HSCT-detailed antifungal prophylaxis schedules. We are limited by the data included within the CIBMTR forms; we do not have information regarding dose, duration, possible sequence of treatment nor do we have availability of drug levels. There are ongoing updates of the data collection forms, but the forms' evolution will not impact the data previously collected. In addition, there is a dearth of immune reconstitution data that accompanies these analyses. Also, there are variations in how centers may report 'suspected' IFI. We would anticipate that many of the academic centers contributing data to the CIBMTR would report 'suspected' IFI for patients with 'probable' IFI as defined according to established EORTC or other similar guidelines. 27 Reporting for this study is entered within the category defined as 'suspected' IFI within the CIBMTR data collection fields but the congruence between the two definitions is not confirmed. Reporting is up to the transplant leaders at the transplant centers. Hopefully, as more detailed tools evolve to dissect mild, moderate and severe infections with their impact on the host, such as defined within the Manual of Procedures of the Blood & Marrow Transplant Clinical Trials Network, a greater understanding will emerge which should positively impact the transplant recipient. 28, 29 Ultimately, definitive conclusions of the impact on pre-existing IFI can only be drawn from prospective studies, but with the emergence of better antifungal prophylaxis agents, the patient numbers to perform such studies may not be present.
Overall, 30% long-term overall survival was achieved in patients with perceived life-threatening pre-transplant IFI and most commonly with advanced disease at time of transplant. In addition, the risk of post-transplant fungal disease re-emergence was low, only recorded at 6% in this retrospective study. Forewarned is forearmed, and with more active primary or secondary fungal prophylaxis for mold and resistant Candida species, transplantation should remain a high priority consideration, rather than a contraindication, for patients with hematologic malignancies and prior IFI. However, these data still demonstrate that lower outcomes are seen in these patients with pre-transplant IFIs and further analysis is required to determine whether we can identify those factors that impact survival such as the presence of yeast versus mold infections, the impact of complete or partial radiographic resolution at the time of transplantation, and whether or not longer-term utilization of post-transplant antifungal therapies could improve survival.
